Inappropriate land use has caused a series of environmental disasters such as floods and sand storms, and some of them involved unused land changes with highly localized distributions in arid and semi-arid regions with fragile ecosystems. As the third-rank category of first-level land use/cover in China, unused land (UL) is now playing an increasingly important role in protection of the natural environment and sustainable utilization of land resources. In this article, we assessed the effects on regional eco-environments employing a quantitative EL (ecological effect index) model, which can be used to evaluate and represent the contribution of UL changes to the eco-environmental quality. Results show that UL changes generally contributed to the deterioration of eco-environmental quality during the study period. Some major contributors to improving eco-environmental quality were transformation of sandy land and saline-alkali lands to grasslands, expansion of water bodies in UL areas, and reclamation of farmland in UL areas (except for marsh lands). In contrast, the main contributors to worsening eco-environmental quality were grassland degradation to UL (except marshes), reclamation of marsh areas, and shrinkage of water bodies to leave desert or saline-alkali land. Some suggestions are provided about UL management, utilization, and protection issues.
Introduction
Terrestrial ecosystems have always been under the influence of natural environmental factors, and of human activities since the appearance of human societies, and the extent of the latter has been steadily increasing [1] . Land use/cover changes (LUCC) combine both natural conditions and anthropogenic influence, and have been considered as one of the most important factors influencing the environment [2] [3] [4] . Since 1992, research on LUCC has emerged as the core of global environmental change and sustainability research, such as the International Institute of Applied Systems Analysis (IIASA), the International Geosphere-Biosphere Program (IGBP) and International Human Dimensions Program on Global Environmental Change (IHDP) [5] [6] [7] . Scholars also focus on the eco-environmental effects of land-use change and eco-environmental security patterns as well as on the classification of land-use/land-cover types, analysis and evaluation of LUCC in typical regions, dynamic monitoring effects on eco-environmental quality at country scale, meaning that a clear answer to whether the UL changes of China improved or exacerbated eco-environmental quality over the past three decades, is unavailable.
As mentioned above, studies about proper utilization and protection of UL play an important role in improving ecological conservation and in ensuring ecological security. Therefore, the aim of this article was to assess the effects of UL changes to the environment from the late 1980s to 2010, by quantitative modeling of eco-environmental quality in relation to changes of UL.
Methodology and Data

Database and Treatment
The UL change data used in this study were retrieved from the time-serial land-use dataset, and other secondary data (including topographic maps at 1:100,000 scale and the administrative boundary maps) were used to help the analysis and revision. We extracted the information about UL changes during the period of the late 1980s to 2010 from the national land-use database (at 1:100,000 scale) of China. This source was constructed by the Chinese Academy of Sciences and represented the land use situation of China in the late 1980s, 1995, 2000, 2005, 2008 and 2010 [5] , using mainly Landsat Thematic Mapper and employing the experts' visual interpretation method. Zhang et al. [5] elaborated the construction and the update as well as the quality control. The accuracy for each "first-level land use/land cover type" is above 95.41% [5] , which means the dynamic accuracy of UL in each update process is very high and can be used as a useful data source for assessing regional eco-environmental response to UL changes.
In this article, the term "eco-environmental quality" means the degree of good or bad on eco-environment, which is based on the theory of ecology and reflects the suitability of the eco-environment to human survival and the sustainable development of the social and economic fabric of society within a specific spatial extension and temporal duration. To a certain extent, land-use types can reflect characteristics of different eco-environment and represent different eco-environment quality [8] . Therefore, scholars [33] [34] [35] [36] [37] [38] [39] [40] proposed the valuation method for the eco-environmental quality owned by land-use types, which can realize the quantitative analysis of regional eco-environmental changes and spatial features. Some scholars [33, 34, 39] synthesized study results in the different regions to summarize the main ecological process and the value of ecosystem effects. This way of studying eco-environmental effects used only the first-level ecosystem classification, without considering marked differences among eco-environmental effects of land use at the second level. In order to analyze the eco-environmental responses to land use changes as accurately as possible, in this study, we evaluate the eco-environmental quality of regional land-use types integrating the proportional relation of global mean economic value of ecosystem service functions proposed by Costanza [33] , those for China revised by Xie [34, 39] and the fuzzy valuation of regional eco-environment quality [35, 37, 38, 41, 42] based on Delphi Expert Consultation method and Analytic Hierarchy Process method to define the fuzzy value of eco-environmental quality for each second level land-use type, as shown in Table 1 [35, 37, 38, 41, 42] .
To analyze the main spatial-temporal characteristics of the regional eco-environment change caused by UL changes, we selected some related data reflecting natural environment changes and human activities, including some socio-economic data such as population and gross domestic product (GDP) collected from the China Statistical Yearbook . Also included were meteorological data downloaded from the China Meteorological Data Sharing Service System, which include annual time-series data of temperature and precipitation from 756 national weather stations during 1980-2010. 
Methods for Ecological Response Index to UL Changes
Any kind of land-use change generally reflects a shift in the corresponding ecological value, which can lead to a partial increase or decrease in the regional ecological value. In this study, we used an index model of ecological effects to quantify eco-environmental responses to UL changes. In this way, we were able to separate ecological responses to UL changes, associated with various land use changes. The index was calculated as follows (Equation (1)) [35, 37, 38, 41, 42] :
where EL iÑ j stands for the index of ecological responses to UL change from i th land use type to j th. Here, C i and C j are eco-environmental quality values for land use i and j, respectively; LU iÑj is the change area transforming from land use i to j over the study period; n is the number of all the UL types in this region; and EL iÑj stands for the contribution rate of UL change to regional eco-environment changes. This is of reference value for governments in regulating and adjusting land use. When the parameter EL iÑj ą 0, it indicates that the land-use change transforming from i to j improves local ecological environment, whereas when EL iÑj ă 0, it indicates that the land use change converting from i to j deteriorates the regional ecological environment.
Results and Discussion
The Status of UL in China and Its Environment in 2010
The UL of China has been the third-largest category of first-level land use/cover over the past three decades, accounting for almost a quarter of the total [5] . These areas occupy areas with highly localized distributions in the arid and semi-arid regions of Northwest China (Figures 1 and 2 ). These include Xinjiang with the largest UL area (about 51.29% of total UL area in 2010) and Inner Mongolia autonomous region with the second largest UL area (about 16.47% of total UL area), followed by the Qinghai-Tibet Plateau (Qinghai Province and Tibet autonomous region) with the third largest UL area (about 12.64%) [31] . These places have a common feature, a low population density less than 30 people/km 2 ( Figure 3 ). As shown in Figure 2 , it is very clear that the area of UL increases gradually from southeast to northwest because of influences from both natural factors and human activities. It is also obvious that most of the UL regions have fragile ecosystems with little annual precipitation (mostly <400 mm; Figure 2 , Table 2 ), low annual average air temperature (about 6˝C), less vegetation coverage (average EVI of 0.1434; Figure 4 , Table 2 ) and higher elevation (average of 2248.85 m). Among all UL types, the average annual rainfall of sand areas was the least, followed by Gobi areas, whereas wetland areas had the most rainfall (though only 442.91 mm) and the highest EVI value (0.4360). followed by Gobi areas, whereas wetland areas had the most rainfall (though only 442.91 mm) and the highest EVI value (0.4360). followed by Gobi areas, whereas wetland areas had the most rainfall (though only 442.91 mm) and the highest EVI value (0.4360). In summary, UL is a dominant landscape type in China, but is mainly located in arid and semi-arid regions, and the Qinghai-Tibet Plateau, with fragile ecosystems. These areas suffer from frequent natural disasters, such as snowstorms, dust storms, desertification, and soil erosion [43] .
Ecological Effect Caused by Dynamic Change of UL
Based on the transfer matrix of UL changes [31] , we calculated the ELs of each kind of UL changes using Equation (1) . Results show that UL changes led to a marked deterioration of the eco-environment, with a contribution rate of 29.20% in China during the study period (Table 3) . However, a trend towards improving the general eco-environment quality in other areas was also found. For example, the contribution rate of all of factors improving eco-environmental quality increased gradually from 37.50% from the late 1980s to 2000, to 62.36% from 2008 to 2010, while the rate of deterioration decreased from 62.50% to 37.63%. Table 3 . Driving forces and contribution rates to the regional eco-environment dynamic in China. %.
Factors Improving the Eco-Environment
The The ecological response index to UL change indicated that the contribution rates of various kinds of UL changes to regional eco-environment quality were different. Considering both the social and the economic development features of China, we summarized all UL changes as 21 types of driving force so that each contribution rate to regional eco-environment changes could be evaluated quantitatively (Table 3) . Among them, ten types of UL change improved regional eco-environment quality and others contributed to the deterioration of local ecosystems.
As shown in Table 3 , converting sand and saline land to grassland was the most important contributor of improving region eco-environmental quality, with an increasing contribution rate from 16.39% from the late 1980s to 2000, to 21.71% for 2008-2010. This may be because that various eco-environmental restoration projects have been implemented since 1983 [44, 45] and gradually shown a long-term positive effect on the environmental quality. Furthermore, UL (except marsh land) overtaken by water body expansion, and reclaiming UL (except marsh land) for farmland also brought about an important positive effect on the regional environmental quality, with an increasing contribution rate from 7.71% and 2.98%, to 14.96% and 16.30%, respectively. This was because water resources were very important natural factors affecting the eco-environment quality of the arid and semi-arid region. As shown in Figure 5 , the change of the annual precipitation in the arid and semi-arid region, or Xinjiang and Qinghai-Tibet (with an increase of 4.87 mm, 9.02 mm and 6.96 mm per decade, respectively), was helpful for improving regional eco-environment quality. It was also noted that the contribution rate of built-up development in UL areas (except swampland
brought about an important positive effect on the regional environmental quality, with an increasing contribution rate from 7.71% and 2.98%, to 14.96% and 16.30%, respectively. This was because water resources were very important natural factors affecting the eco-environment quality of the arid and semi-arid region. As shown in Figure 5 , the change of the annual precipitation in the arid and semi-arid region, or Xinjiang and Qinghai-Tibet (with an increase of 4.87 mm, 9.02 mm and 6.96 mm per decade, respectively), was helpful for improving regional eco-environment quality. It was also noted that the contribution rate of built-up development in UL areas (except swampland) increased markedly from 0.62% in the late 1980s to 2000, to 5.80% in 2008-2010. In contrast, some UL changes led to deterioration of regional eco-environment quality, mainly including grasslands degenerating into UL (except marshland), reclaiming farmland from marsh, and converting water bodies to desert. Among these negative factors, the contribution rate of grassland degradation ranked first during the first three monitoring periods (about 25.31%, 31.68%, and 28.91%, respectively). Developing farmland from marsh ranked second, especially in the first two monitoring periods (about 18.01% and 14.67%, respectively). However, in the last two monitoring periods, the shrinkage of water bodies played a dramatic role in deteriorating regional In contrast, some UL changes led to deterioration of regional eco-environment quality, mainly including grasslands degenerating into UL (except marshland), reclaiming farmland from marsh, and converting water bodies to desert. Among these negative factors, the contribution rate of grassland degradation ranked first during the first three monitoring periods (about 25.31%, 31.68%, and 28.91%, respectively). Developing farmland from marsh ranked second, especially in the first two monitoring periods (about 18.01% and 14.67%, respectively). However, in the last two monitoring periods, the shrinkage of water bodies played a dramatic role in deteriorating regional eco-environment (about 14.44% and 8.39%, respectively). This was followed by reclaiming farmland from marsh All of these changes indicated that meadow degradation, reclaiming farmland from marsh, and the shrinkage of water bodies were the main driving forces for eco-environmental deterioration. Sun and Wang [46] also reported that over-trampling and over-grazing, driven by economic interests, resulted in meadow degradation or desertification. Some was so extreme that some of the degraded grassland cannot be restored. The shrinkage of wetlands in both developed and developing countries due to intensive human activities, has resulted in destructive changes to the ecological environment, such as increasing frequency of drought, decreasing river runoff, and falling groundwater levels [47, 48] . Changes of environmental factors in China during the study period, such as a significant decrease of annual precipitation in China with a significant decrease of 6.11 mm per decade, and a universal increase of annual mean air temperature throughout China with an increase of 0.45˝C per decade, to some extent aggravated negative changes to regional eco-environment quality, especially in Inner Mongolia which witnessed a remarkable decrease of 10.35 mm per decade and a significant increase of 0.52˝C per decade ( Figure 5 ).
Spatial Differences in Ecological Response to UL Changes
Eco-environmental responses to UL changes in each province of China exhibited temporal and spatial heterogeneity over the study period. As shown in Figure 6 , it is very clear that the eco-environmental response to UL changes in both northwest and northeast provinces was remarkable, as indicated by the index of ecological response to UL changes. Among these provinces, the EL value of Xinjiang, Gansu, and Tianjin was constant and remarkably positive throughout the study period, and especially that of Xinjiang increased dramatically from 1.29% to 24.71%. Xinjiang was followed by Gansu province (0.41% in the late 1980s to 2000, and 4.81% for [2008] [2009] [2010] . This means that the UL changes happening in Xinjiang, Gansu, and Tianjin were more helpful for improving the local ecological environment than for deteriorating it. Results also indicated that grassland restoration and reclamation from UL (except swampland) in these provinces were their main UL changes, and mainly contributed to improvement of regional environmental quality. eco-environment (about 14.44% and 8.39%, respectively). This was followed by reclaiming farmland from marsh (9.36%) for [2005] [2006] [2007] [2008] , and reduction of marsh by built-up construction (7.24%) for 2008-2010. All of these changes indicated that meadow degradation, reclaiming farmland from marsh, and the shrinkage of water bodies were the main driving forces for eco-environmental deterioration. Sun and Wang [46] also reported that over-trampling and over-grazing, driven by economic interests, resulted in meadow degradation or desertification. Some was so extreme that some of the degraded grassland cannot be restored. The shrinkage of wetlands in both developed and developing countries due to intensive human activities, has resulted in destructive changes to the ecological environment, such as increasing frequency of drought, decreasing river runoff, and falling groundwater levels [47, 48] . Changes of environmental factors in China during the study period, such as a significant decrease of annual precipitation in China with a significant decrease of 6.11 mm per decade, and a universal increase of annual mean air temperature throughout China with an increase of 0.45 °C per decade, to some extent aggravated negative changes to regional eco-environment quality, especially in Inner Mongolia which witnessed a remarkable decrease of 10.35 mm per decade and a significant increase of 0.52 °C per decade ( Figure 5 ).
Eco-environmental responses to UL changes in each province of China exhibited temporal and spatial heterogeneity over the study period. As shown in Figure 6 , it is very clear that the eco-environmental response to UL changes in both northwest and northeast provinces was remarkable, as indicated by the index of ecological response to UL changes. Among these provinces, the EL value of Xinjiang, Gansu, and Tianjin was constant and remarkably positive throughout the study period, and especially that of Xinjiang increased dramatically from 1.29% to 24.71%. Xinjiang was followed by Gansu province (0.41% in the late 1980s to 2000, and 4.81% for [2008] [2009] [2010] . This means that the UL changes happening in Xinjiang, Gansu, and Tianjin were more helpful for improving the local ecological environment than for deteriorating it. Results also indicated that grassland restoration and reclamation from UL (except swampland) in these provinces were their main UL changes, and mainly contributed to improvement of regional environmental quality. In contrast, the UL changes that happened in Inner Mongolia Autonomous Region and Heilongjiang Province gradually and dramatically deteriorated local eco-environment quality throughout the study period. The EL values there decreased from −12.37% and −11.90%, to −3.13% In contrast, the UL changes that happened in Inner Mongolia Autonomous Region and Heilongjiang Province gradually and dramatically deteriorated local eco-environment quality throughout the study period. The EL values there decreased from´12.37% and´11.90%, to´3.13% and´2.13%, respectively. Corresponding UL changes in these regions included grassland degradation, desertification, and reclamation of farmland from wetlands, which contributed to deterioration of the regional ecosystems.
Moreover, in the other provinces of China, the EL exhibited fluctuations. In some provinces, the EL values were negative during the first periods of monitoring, and positive in the last periods (e.g., Jilin and Qinghai). Others were positive at first, then negative later (e.g., Shandong and Shannxi). In still other areas with very little UL, such as Hebei and Hubei, changes were not regular. In Jilin Province, UL changes related to cultivation in wetland areas were the main contributors of deterioration in the local environmental quality during the early study period. In contrast, it was grassland degradation due to over-grazing in Qinghai Province, which contributed most to deterioration of the local ecosystems there.
Analyzing the Driving Forces of Eco-Environmental Quality Changes Caused by UL Changes
Socio-Economic Factors and Relevant Policies
UL changes contributed generally to the exacerbation of regional environment quality during the study period. Some factors came from human activities, and some came from regional climate changes. Yi et al. [31] said that since the reform and opening up of China, UL has been occupied continuously by other land-use types because of rapidly economic development, industrialization, urbanization and the demand for recovering regional ecological services. This is particularly true in China's ecologically fragile areas, such as Xinjiang and Inner Mongolia. With the rapid increase in population (about 1093 million in 1987 and 1340.91 million in 2010) and rapid development of the economy (GDP 1205.86 billion CNY in 1987 and 40,120.20 billion CNY in 2010), the demand for land increased unavoidably. This resulted was a continual decrease of UL net area and increase of the area of other land-use types, which can cause the change of regional environment quality to some extent. For example, the reclaiming farmlands in the marsh areas and the over-grazing of grasslands met the demand of food or economy, but contributed to the deterioration regional environment. As one of the main animal husbandry areas, the Inner Mongolia owned the higher gross output value of annual husbandry than that of the average level of provinces (Figure 7) , which has become the ineludible factor causing grassland degradation because of over grazing.
During the study period, UL changes in Inner Mongolia, Xinjiang, and Heilongjiang were more intense than those in other provinces [30] , which was indicated by their respective socio-economic changes, such as per capita GDP (Figure 7) , the Gross Output value of animal husbandry, and number of livestock (year-end) ( Figure 7 ). As shown in Figure 6 , the per capita GDP of China increased significantly throughout the study period. The figures for Heilongjiang Province were always above the Chinese average, before 2006. This corresponded to local EL changes and UL changes, such as the marked negative EL values of Heilongjiang caused mainly by wetland reclamation before 2006.
It is also very clear that the gross output value of animal husbandry in both Inner Mongolia and Xinjiang was greater than the Chinese mean, as shown in Figure 7 . For Inner Mongolia, this gap broadened obviously from 1994 to 2003; after which, the figure was about three times higher than for China, and even four times in 2010. As an important animal husbandry zone, and with growth of its human population, the EL changes in Inner Mongolia (grassland degradation) were all in response to increasing animal husbandry.
Furthermore, the increasing demands for ecological service also resulted in transformation of UL to grassland and of farmland to wetland. Local governments and landholders paid gradually more attention to improvement of eco-environment construction, to limitation of developing land and promotion of intensive land use than ever before. Actually, the Chinese government has implemented several ecological restoration projects since 20th century [44, 45] , including several soil conservation projects managed by the Ministry of Water Resources of the People's Republic of China since 1983, the returning farmland to forests or grassland project since 1999, the grazing forbidden project since 2003 [49] , the Beijing-Tianjin Sandstorm Source Area Comprehensive Control program since 1998, the Grain for Green project, the Wetland Protection project since 1998 and Three-North Protective Forest Program since 2001. Obviously, the implementation of these projects generated a significant impact on regional eco-environment, which was reflected in the change of total EL value from´62.50% to´37.63% in response to UL changes. Obviously, the implementation of these projects generated a significant impact on regional eco-environment, which was reflected in the change of total EL value from −62.50% to −37.63% in response to UL changes. 
Changes of Environmental Factors Related to UL
Both regional precipitation and air temperature are sensitive natural factors in vulnerable ecosystems. Coupled with average annual precipitation and the annual mean air temperature from 1980 to 2010 in different regions ( Figure 5 ), we found that the study area has exhibited generally a gradual warming trend with decreasing precipitation. The average annual precipitation of China decreased generally at a rate of 6.11 mm/decade from 1980 to 2010. In particular, there was a dramatic decrease in Inner Mongolia (10.35 mm/decade) and in Heilongjiang (21.11 mm/decade), which was reflected in EL changes in both regions and was adverse to improving the regional eco-environment quality coupled with some of their UL changes. In contrast, there was a generally opposite trend in the arid and semi-arid regions and on the Qinghai-Tibet Plateau with increases of 4.87 and 6.96 mm/decade, respectively, in areas with most of the UL in China. The annual mean air temperature of China increased at a rate of 0.45 °C/decade, and the figure for the arid and semi-arid regions and for the Qinghai-Tibet Plateau, all increased. Generally, this means that there was an adverse natural condition for utilizing UL in China, particularly in Inner Mongolia, which contributed to the aggravation of regional eco-environment quality. However, there were still some places where changes in regional natural factors were propitious for UL utilization. For example, the regional average annual precipitation increased 9.02 mm/decade in Xinjiang, with an increase of 
Both regional precipitation and air temperature are sensitive natural factors in vulnerable ecosystems. Coupled with average annual precipitation and the annual mean air temperature from 1980 to 2010 in different regions ( Figure 5 ), we found that the study area has exhibited generally a gradual warming trend with decreasing precipitation. The average annual precipitation of China decreased generally at a rate of 6.11 mm/decade from 1980 to 2010. In particular, there was a dramatic decrease in Inner Mongolia (10.35 mm/decade) and in Heilongjiang (21.11 mm/decade), which was reflected in EL changes in both regions and was adverse to improving the regional eco-environment quality coupled with some of their UL changes. In contrast, there was a generally opposite trend in the arid and semi-arid regions and on the Qinghai-Tibet Plateau with increases of 4.87 and 6.96 mm/decade, respectively, in areas with most of the UL in China. The annual mean air temperature of China increased at a rate of 0.45˝C/decade, and the figure for the arid and semi-arid regions and for the Qinghai-Tibet Plateau, all increased. Generally, this means that there was an adverse natural condition for utilizing UL in China, particularly in Inner Mongolia, which contributed to the aggravation of regional eco-environment quality. However, there were still some places where changes in regional natural factors were propitious for UL utilization. For example, the regional average annual precipitation increased 9.02 mm/decade in Xinjiang, with an increase of 0.48˝C/decade in annual mean air temperature. This provided huge potential for utilizing previously UL areas, and changes of its EL value bore witness to fulfillment of the potential.
A decrease in regional rainfall may make desertification of grassland areas more likely, particularly in arid and semi-arid regions, such as Inner Mongolia. Meanwhile, the average annual rainfall of Xinjiang Autonomous Region was only 139.36 mm from 1980 to 2010, which was reflected in degradation of grasslands to UL (accounted for >22% of the total increase in area of Chinese UL, except during 2000-2005, which was the second largest). This kind of UL change lowered directly or indirectly the regional eco-environmental quality. Therefore, it is still risky to utilize UL and sustainability should be considered first.
Conclusions
Based on the national land-use database (at a scale of 1:100,000), we employed an ecological response index model to assess the effects of UL changes on local environmental quality over the past three decades. The conclusion drawn was that dramatic changes of UL in China generally deteriorated regional eco-environment quality during the study period, but the contribution rate of deterioration caused by UL changes was decreasing gradually.
In summary, some UL changes in China dramatically deteriorated regional eco-environmental quality over past three decades. These manifested as dramatic grassland degradation to UL in the arid and semi-arid regions of Northwestern China (e.g., Inner Mongolia and Xinjiang Autonomous Region), marsh reclamation for farmland, the shrinkage of water bodies to form desert or saline areas (coupled to natural changes such as decreasing precipitation and warming). Conversely, some UL changes were helpful for improving eco-environmental quality, including mainly the return of sand and saline lands to grasslands due to the implementation of ecological restoration projects, expansion of water bodies due to natural changes, and reclaiming farmland from sand and Gobi areas. This implies that we should develop and exploit UL according to local eco-environmental conditions. Therefore, for the utilization of UL, managers or users should first conduct evaluations of applicability, and then combine this with knowledge of the natural geographical environment and climatic background, before deciding whether to utilize or protect. As for farmland reclamation in UL areas, the emphasis should be on improving the productivity of arable land. Especially, when considering wetland reclamation for farmland where there is good water and warm conditions, protecting the natural ecological service functions of wetlands should be considered first. However, when considering developing and using UL in arid and semi-arid areas, such as in Inner Mongolia, with trends of warming and decreasing precipitation in a fragile eco-environment, the focus should be on protecting ecological function rather than on haphazard development.
